Chlamydomonas reinhardtii controls flagellar assembly such that flagella are of an equal and predetermined length. Previous studies demonstrated that lithium, an inhibitor of glycogen synthase kinase 3 (GSK3), induced flagellar elongation, suggesting that a lithium-sensitive signal transduction pathway regulated flagellar length (S. Nakamura, H. Takino, and M. K. Kojima, Cell Struct. Funct. 12: [369][370][371][372][373][374] 1987). Here, we demonstrate that lithium treatment depletes the pool of flagellar proteins from the cell body and that the heterotrimeric kinesin Fla10p accumulates in flagella. We identify GSK3 in Chlamydomonas and demonstrate that its kinase activity is inhibited by lithium in vitro. The tyrosine-phosphorylated, active form of GSK3 was enriched in flagella and GSK3 associated with the axoneme in a phosphorylation-dependent manner. The level of active GSK3 correlated with flagellar length; early during flagellar regeneration, active GSK3 increased over basal levels. This increase in active GSK3 was rapidly lost within 30 min of regeneration as the level of active GSK3 decreased relative to the predeflagellation level. Taken together, these results suggest a possible role for GSK3 in regulating the assembly and length of flagella.
How cells regulate the size of their organelles is poorly understood. Cilia and flagella are of particular interest, as the precise regulation of their length is critical to their function. The importance of the correct assembly of these organelles, including maintenance of the appropriate length, is illustrated by studies involving intraflagellar transport (IFT). IFT is required for the assembly and maintenance of cilia and flagella in organisms ranging from Chlamydomonas reinhardtii (where it was first identified) to sea urchins, Tetrahymena thermophila, Caenorhabditis elegans, and mice (10) . In the absence of IFT, cilia and flagella fail to form correctly, resulting in various human diseases, including polycystic kidney disease and retinal degeneration, and anomalous determination of the left-right axis during development (51) . Ultrastructural studies of children suffering from a particular form of primary ciliary dyskinesia revealed the presence of abnormally long cilia within their respiratory tracts, resulting in recurrent respiratory infections (1, 39) . This observation suggests that not only do cilia and flagella need to assemble properly but that they also need to be of appropriate and defined lengths.
The green alga Chlamydomonas reinhardtii makes an ideal model organism for studies involving ciliary and flagellar assembly and length control. Chlamydomonas has two apically localized flagella that are maintained at equal lengths. Moreover, within a population of wild-type cells, flagellar lengths fall within a very narrow range. The maintenance of flagella of equal lengths as an active process was first demonstrated in the "long-zero" experiments of Rosenbaum et al. (52) . In these experiments, cells were deflagellated under conditions that amputated only one flagellum. The remaining flagellum immediately began to shorten to an intermediate length, while the amputated flagellum began to regrow. After the shortening and elongating flagella reached equal lengths, they then continued to elongate at the same rate to return to their predeflagellation length. Thus, Chlamydomonas is able to detect and compare flagellar lengths and, when inequality is present, to correct discrepancies between the two flagella.
The active control of flagellar length is best demonstrated by the characterization of mutants that have lost control of their flagellar lengths. Three classes of flagellar-length mutants have been identified: short-flagellar (Shf) mutants, long-flagellar (Lf) mutants, and unequal-length-flagellar (Ulf) mutants (23, 29, 57) . The functioning of an active process to control length can be seen during mating, when gametes fuse to form a temporary dikaryon. When wild-type cells are mated to Shf mutant cells, the resulting dikaryon contains two flagella of wild-type length and two half-length flagella (from the Shf cell). Shortly after cell fusion, within 10 min, the Shf flagella elongate to wild-type length (23) . In dikaryons that contain two wild-type flagella and two flagella that are abnormally long (from an Lf cell), the Lf flagella shorten to wild-type length in less than 15 min (6) . Interestingly, the wild-type flagella do not lengthen, even though flagellar components sufficient to assemble two or more flagella of wild-type length are resorbed into the cell body. These results demonstrate that some component of the wild-type cytoplasm can measure flagellar length and actively lengthen (in the case of Shf mutants) or shorten (in the case of Lf mutants) flagella of abnormal length. Because wild-type length flagella are not observed to undergo lengthening or shortening in dikaryons with Shf or Lf mutants, maintenance of flagella at equal lengths does not reflect simply the partitioning of flagellar components into the available flagella.
Flagellar length can also be manipulated chemically. For example, Solter and Gibor (56) demonstrated that flagellar length was inversely related to the osmolarity of the culture media. A role for calcium in the regulation of flagellar length comes from studies with fa1 mutants, which are unable to deflagellate. Treatment of fa1 cells with Ca 2ϩ channel blockers (verapamil, brepredil, and diltiazem) or Ca 2ϩ -calmodulin antagonists (trifluoperazine or W7) induced flagella to shorten by ϳ25% (60) . Moreover, the inclusion of various Ca 2ϩ -chelating agents, such as EGTA, pyrophosphate, or citrate, in the culture medium of wild-type cells resulted in the disassembly and resorption of the flagella into the cell body (31) . This shortening was rapidly reversed by the readdition of Ca 2ϩ to the culture medium. Finally, the elongation of flagella was induced by the treatment of cells with lithium (38, 60) . Taken together, these observations suggest that one or more signal transduction pathways control flagellar length in Chlamydomonas. Even more compelling evidence for signal transduction playing a role in the regulation of flagellar length comes from the recent identification of the LF4 gene as a microtubule-associated/ mitogen-activated protein (MAP) kinase (7) . Along these same lines, a MAP kinase kinase was shown to be required in the control of flagellar length for Leishmania mexicana (61) .
A number of signaling molecules that are targets for regulation by lithium have been identified. Among these are inositol monophosphatases (2, 8) and glycogen synthase kinase 3␤ (GSK3␤) (26) . Lithium directly inhibits GSK3␤ kinase activity both in vitro and in vivo by acting as a noncompetitive inhibitor for magnesium. GSK3␤, also known as tau protein kinase I, has been shown to regulate microtubule stability by phosphorylation of MAPs, such as MAP1B and tau (22, 33) . Phosphorylation of MAP1B by GSK3␤ increases the affinity of MAP1B for binding to microtubules, resulting in an increase in microtubule stability. Conversely, the microtubule-associated protein tau loses the ability to bind microtubules when it is phosphorylated by GSK3␤, decreasing the stability of microtubules. Recently, GSK3␤ was shown to phosphorylate the light chains of conventional kinesin, regulating both fast anterograde axonal transport and interaction with cargo (36) . The inhibition of GSK3␤ by lithium and the ability of GSK3␤ to regulate microtubule stability suggest that the lithium-sensitive target involved in flagellar length regulation may be GSK3.
Here, we examine the role of lithium in flagellar length control and identify GSK3 as a target for inhibition by lithium. GSK3 is a flagellar protein whose kinase activity is inhibited by lithium. Reducing GSK3 protein levels by RNA interference (RNAi) results in aflagellate cells, phenocopying long-term lithium treatment. Taken together, these observations suggest a role for GSK3 in flagellar assembly and in the regulation of flagellar length.
MATERIALS AND METHODS
Cell culture and strains. Chlamydomonas reinhardtii strain 21gr (mtϩ) (CC-1690) (Chlamydomonas Genetics Center) and E10 (arg7, mtϩ) (C. Silflow, University of Minnesota) were cultured with aeration at 22°C in medium I or medium II (53) on a cycle of 14 h of light and 10 h of darkness. For induction of RNAi expression, transformants were cultured with aeration at 22°C in MNO 3 medium (same as medium I except that NH 4 NO 3 is replaced with 4 mM KNO 3 ).
Drug treatment and flagellar measurements. Stock solutions of LiCl, NaCl, KCl, and NH 4 Cl at 1 M concentrations were prepared in culture medium and added to a final concentration of 25 mM. As a control for drug addition, an equal volume of culture medium was added. Cells at a concentration of 2 ϫ 10 7 cells/ml were incubated on an orbital rocker under illumination. At various times following drug addition, aliquots were removed and fixed with equal volumes of 1% glutaraldehyde. Fixed cells were examined by differential interference contrast (DIC) microscopy with a Leica Diaplan microscope (100ϫ Leitz objective; numerical aperture, 1.25) and a CCD-72 video camera (DAGE MTI, Inc.). Images of at least 100 random cells were captured with Scion Image 1.59 software (National Institutes of Health) and transferred to Adobe Photoshop, and flagellar lengths were determined by tracing flagella.
cDNA isolation and sequencing. The Chlamydomonas reinhardtii expressed sequence tag (EST) database (http://www.kazusa.or.jp/en/plant/chlamy/EST/; Kazusa DNA Research Institute) (4, 5) was searched with the human GSK3␤ protein sequence. Two ESTs (AV392622 and AV388963) that represented a single cDNA sequence were identified. PCR with primers derived from the EST sequence was used to amplify a 216-bp fragment from a Screen-1 cDNA library. The PCR fragment was cloned into the pCRII vector by using a TA cloning kit (Invitrogen) and sequenced to confirm the presence of GSK3. The insert from one clone, pGSK1, was used as a hybridization probe to screen the Screen-1 cDNA library. A 1.6-kb partial cDNA, p4A1, was identified. The insert from p4A1 was used as a hybridization probe to screen a ZAPII cDNA library (27) . Nine different cDNA clones were isolated, and the plasmid inserts were excised following the manufacturer's protocol. Both strands of the cDNA containing the longest insert, pZ1H-1BF, as well as p4A1 were sequenced (DNA Sequencing and Synthesis Facility, Iowa State University; Advanced Genetic Analysis Center, University of Minnesota).
RNA isolation and Northern analysis. Total RNA was isolated from cells before and after deflagellation by pH shock. RNA was purified by using the method of Wilkerson et al. (62) with the modification that the lysis buffer contained 100 g of proteinase K/ml. The 216-bp insert from pGSK1 was used to detect the GSK3 transcript by hybridization. As a loading control, the RNA blot was reprobed with a 1-kb HindIII fragment isolated from the CRY1 gene, encoding the small ribosomal protein S14. For experiments to isolate RNA from lithium-treated cells, cells were incubated with 25 mM LiCl or culture medium for 60 min prior to deflagellation. EcoRI fragments of 2.2 and 3 kb were used to detect the RSP3 and PF20 transcripts by hybridization.
Fractionation of cells. Flagella were removed from cell bodies by either pH shock or the addition of 5 mM dibucaine (19, 50) . Briefly, cells were resuspended in 10 mM HEPES (pH 7.5) containing 7% sucrose. For dibucaine treatment, dibucaine was added to a final concentration of 5 mM and incubated on ice for 1 to 2 min. For pH shock, the pH was decreased to 4.4 to 4.5 by the dropwise addition of 5 M HAc. Cells were examined by phase contrast microscopy to ensure that deflagellation had occurred, and the pH was returned to 7 by the dropwise addition of 5 M KOH. To separate cell bodies from flagella, the pH-shocked or dibucaine-treated cells were transferred to graduated 50-ml centrifuge tubes, underlaid twice with 25% sucrose, 10 mM HEPES (pH 7.5) and centrifuged at 2,200 ϫ g for 15 min. Flagella, which were present in the interphase between sucrose layers, were harvested by centrifugation at 32,000 ϫ g for 20 min in a Sorvall RC-5B centrifuge. Cell bodies, which pellet through the 25% sucrose cushion, were washed twice in 10 mM HEPES (pH 7.5). Cell bodies and flagella were resuspended in either a small volume of HMDEK buffer (5 mM MgSO 4 , 1 mM DTT, 0.5 mM EDTA, 25 mM KCl, and 10 mM HEPES [pH 7.5]) or 10 mM HEPES (pH 7.5) containing a phosphatase inhibitor cocktail (50 mM NaF, 25 mM ␤-glycerolphosphate, and 1 mM Na orthovanadate) and 1ϫ protease inhibitor cocktail (P-8340; Sigma Aldrich), flash frozen in liquid N 2 , and stored at Ϫ80°C until used.
Fractionation of flagella. Flagella were resuspended at a concentration of 2 mg/ml in HMDEK buffer or 10 mM HEPES (pH 7.5) containing the 1ϫ protease inhibitor cocktail with and without the phosphatase inhibitor cocktail, and NP-40 was added to a final concentration of 1%. After 20 min on ice, the samples were centrifuged at 16,000 ϫ g for 20 min at 4°C. The supernatant fraction, which contains the membraneϩmatrix fraction of flagella, was transferred to a microfuge tube and the axonemal pellet was solubilized with 1ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer.
Immunoblot analysis. Samples for immunoblot analysis were solubilized with SDS-PAGE sample buffer. After electrophoresis, proteins were transferred to membranes and probed with antibodies against Xenopus GSK-3␤ (Santa Cruz Biotechnology), phosphotyrosine GSK-3␤ (Clone 5G-2F; Upstate Biotechnology), Fla10p and IFT172 (11), IC140 (44) , and MBO2p (58) . Membranes were developed for enhanced chemiluminescence as described by the manufacturer (Amersham Pharmacia Biotech).
Kinase assay. To immunoprecipitate GSK3 for kinase assays, flagella were incubated with 0.5% NP-40 for 20 min on ice followed by centrifugation at 16,000 ϫ g for 20 min. The supernatant containing GSK3 was incubated with antiXenopus GSK-3␤ antibody. After 1 h at 4°C, the supernatant was divided into equal aliquots, protein G-Sepharose (Santa Cruz Biotechnology) was added to each sample, and the incubation was continued for an additional 1 h. The beads containing GSK3 were collected and washed four times in GSK3 wash buffer (0. .4]) with and without 25 mM LiCl. The reaction was stopped after 15 min at 30°C by the addition of 10 l of 25% trichloroacetic acid, and 10 l of the reaction mix was spotted onto a P81 phosphocellulose filter. Filters were washed on ice twice for 5 min with 0.75% phosphoric acid, washed once for 5 min with acetone, and air dried.
RNAi and transformation of Chlamydomonas. To knock down the expression of GSK3, a plasmid was constructed to produce double-stranded RNA by using the inducible nitrate reductase (NIT1) promoter. The promoter of NIT1 is negatively regulated by ammonium; in the presence of ammonium, NIT1 transcripts do not accumulate (16) . NIT1-regulated transcripts are induced in ammonium-free medium and enhanced by nitrate (40, 49) . The NIT1 promoter and genomic and cDNA fragments of GSK3 were obtained by using PCR. The NIT1 promoter was amplified with primers that added KpnI and HindIII to the 5Ј and 3Ј ends, respectively (forward, 5Ј-ATCGGGTACCTAGATATGCACGCC; reverse, 5Ј-AAGTGAAGCTTCGTGTATGGCTTTGG). The amplified promoter was TA cloned, sequenced, and subsequently cloned into pBS (Stratagene) by using the added restriction sites to create the plasmid pNIT1prom. A 1.0-kb genomic fragment of GSK3 was amplified from 21gr DNA with primers containing BamHI and SfiI sites at the 5Ј and 3Ј ends, respectively. This genomic fragment contained two introns to enhance transcript stability. A 1.2-kb cDNA fragment containing EcoRI and SfiI sites at the 5Ј and 3Ј ends, respectively, was amplified from the GSK3 cDNA. All PCRs for GSK3 were TA cloned, sequenced, and subsequently ligated to the pNIT1prom plasmid to generate the inverted repeat. The plasmid, pGSK3IR, was sequenced to confirm the presence of the GSK3 inverted repeat. The final construct contained 800 bp of inverted repeat separated by a loop of 400 bp, which was required for the stability of the plasmid in Escherichia coli. The inverted repeat was not maintained in E. coli until the spacer sequence between repeats was increased to 400 bp (55) . Prior to use in transformation, the pGSK3IR plasmid was linearized with AflIII.
For transformation into Chlamydomonas, an arg7 strain, E10, was used. Following the removal of cell walls, 2 g (each) of linearized plasmid pGSK3IR and the plasmid pARG7.8 was transformed into Chlamydomonas by using the glass bead method (57) . Arg ϩ transformants, identified by the ability to grow in the absence of exogenous arginine, were screened for the presence of pGSK3IR by PCR. RNAi-positive transformants were screened for a flagellar defect that was dependent on induction with nitrate.
RESULTS
Lithium induces changes in flagellar length. Earlier reports demonstrating a lithium-sensitive component involved in length control (38, 60) suggested the possibility that GSK3 signaling plays a role in regulating flagellar length. Treatment with 25 mM LiCl for 60 min resulted in a statistically significant (P Ͻ 0.0006) elongation of flagella ( Fig. 1E and G) (38, 60) . Lithium-treated cells also developed small bulb-like structures at the flagellar tips. Following lithium treatment for 60 min, 19% of the population had flagella with bulbs, while bulbs were present on only 1% of control cells (Table 1) . To determine if the flagellar bulbs were caused by the rapid growth of flagella, cells undergoing flagellar regeneration were examined. Fewer than 5% of cells regenerating flagella had bulbs at the flagellar tips. This result suggests that flagellar bulbs do not simply reflect growth of the flagellum. Interestingly, flagellar bulbs have been observed on mutants defective in length control (Ulf, Lf) and flagellar assembly (42, 43, 46, 59) .
In addition to the lengthening of the flagella, lithium treatment also resulted in a rapid loss of motility. Both flagellar elongation and paralysis of flagellar motility were dose dependent (38 and data not shown). In contrast to the elongation of flagella seen with lithium treatment, no significant effect on either flagellar length (P Ͼ 0.9997) or motility was observed after treatment with comparable concentrations of NaCl, KCl, or NH 4 Cl (Fig. 1A to D and F ). These results demonstrate that the LiCl effect was specific and not caused by other monovalent cations. Lithium reduces the cell body pool of flagellar precursors. In Chlamydomonas, the cell body contains a pool of flagellar precursor proteins sufficient for regeneration of half-length flagella in the absence of new protein synthesis (52). Nakamura et al. (38) proposed that the growth of flagella induced by lithium treatment could reflect the recruitment of flagellar proteins from the cell body. To examine this model, we determined whether new protein synthesis was required for flagellar elongation in the presence of lithium. Cells were incubated with and without the protein synthesis inhibitor cycloheximide (10 g/ml) for 10 min prior to treatment with lithium. The lithium-treated cells underwent flagellar elongation to the same extent in the absence and presence of cycloheximide ( Fig.  3A and B) . While lithium treatment induced a statistically significant elongation of flagella (P Ͻ 0.0006) (Fig. 3A and B) , statistical analysis of the effect of cycloheximide on the lithiuminduced elongation of flagella revealed no significant difference in flagellar lengths (P ϭ 0.9821). Cells incubated with cycloheximide alone did not change flagellar length (31 and data not shown). This result suggests that new protein synthesis is not required for the elongation of flagella in response to lithium.
We also examined the effect of lithium on the size of the precursor pool of flagellar proteins. Treatment of cells with lithium decreased the amounts of several axonemal proteins in cell bodies. In multiple experiments, the axonemal structural proteins MBO2p and IC140 were reduced to 61 and 65%, respectively, of control levels (Fig. 3C) . In contrast, the anterograde IFT motor protein Fla10p did not undergo significant change in the presence of lithium (97% of that of the control) (Fig. 3C) . To demonstrate that the same amount of protein was present in each lane, the blot was reprobed with an antibody to the chloroplast protein OEE1 (Fig. 3C) (35) . In addition, multiple exposures of the immunoblots were performed to ensure that the signal for each band was in the linear range. Although the pool of flagellar precursors in the cell body decreased, it was not totally depleted under the conditions examined in this experiment (Fig. 3C) . To ensure that the cell body pool was not replenished through new protein synthesis during the course of the experiment, cells were pretreated with cycloheximide. Under these conditions, lithium again partially decreased the cell body pool (data not shown). Taken together, these results demonstrate that the elongation of flagella induced by lithium does not require new protein synthesis. Flagellar elongation occurs, at least in part, through the recruitment of flagellar proteins from the cell body pool.
Lithium inhibits flagellar regeneration. For Chlamydomonas, deflagellation results in the rapid regrowth of flagella. Within 120 min of flagellar amputation, control cells regrew flagella to their predeflagellation length (P ϭ 0.9997) (Fig.  4A ). Cycloheximide pretreatment had no effect on flagellar length (P ϭ 0.9997). Following deflagellation in cycloheximide, however, cells regenerated flagella that were one-half of their predeflagellation length (P Ͻ 0.0006) (Fig. 4B and C) (38, 52) . The incubation of cells with lithium induced flagellar elongation as previously described (P Ͻ 0.0006) ( Fig. 1E and 2 ) (38) . Lithium treatment has been reported to inhibit the regeneration of flagella in a manner similar to that of cells treated with cycloheximide. As seen with the regeneration of cycloheximide-treated cells, cells incubated with lithium regrew flagella that were one-half of their predeflagellation length (P Ͻ 0.0006) (Fig. 4B and C) (38) . The fact that cells regenerated similar flagellar lengths when treated with lithium or cycloheximide (P Ͼ 0.9997) (Fig. 4C and D) led to the proposal that lithium affected protein synthesis (38) . We examined this possibility by pretreating cells with cycloheximide followed by a 60-min incubation with lithium. Under these conditions, cells were unable to regenerate flagella at all (P Ͻ 0.0006) (Fig. 4D) . These results suggest that new protein synthesis is required for flagellar regeneration in the presence of lithium. Moreover, the process of flagellar elongation induced by lithium, which does not require new protein synthesis (Fig. 3B ), is fundamentally different from the initiation of flagellar growth following (Fig. 4D) . Deflagellation has been shown to increase rapidly the accumulation of RNA transcripts of genes encoding flagellar proteins (28, 54) . One possible reason that lithium blocked much of the flagellar regeneration may be that lithium prevented the stimulation of transcript accumulation of genes encoding flagellar proteins. To test this possibility, we examined transcript levels in control and lithium-treated cells. Cells treated with lithium upregulated flagellar messages in a manner similar to control cells in response to flagellar amputation (Fig.  4E) . This result suggests that the signal transduction pathway(s) between the detection of flagellar loss and the upregulation of flagellar messages is intact in lithium-treated cells. Interestingly, treatment with lithium caused a striking reduction in the basal levels of transcripts for flagellar genes (Fig. 4E  and F) . Thus, even though lithium did not prevent the increase in flagellar gene transcripts seen after flagellar amputation, it clearly reduced the level of these transcripts in flagellated cells.
Cloning and sequencing of GSK3. We examined Chlamydomonas GSK3 as a possible target for lithium in affecting the length and maintenance of flagella. The kinase activity of GSK3 has been shown both in vivo and in vitro to be directly and indirectly inhibited by lithium (26, 45) . An examination of the Chlamydomonas EST database revealed the presence of a GSK3 transcript. Primers were designed from EST sequences for use in generating a hybridization probe, which was used to obtain a full-length cDNA from a ZAPII library (27) . This 2.1-kb cDNA has a 318-bp 5Ј untranslated region containing several in-frame stop codons upstream of the putative initiating AUG and 658 bp of the 3Ј untranslated region containing the Chlamydomonas polyadenylation signal TGTAA 12 bases upstream of the polyadenine tract.
The cDNA contains a single open reading frame of 1,044 nucleotides encoding a 347-amino-acid protein with a predicted pI of 8.65 and a predicted molecular mass of 43.5 kDa. GSK3 is encoded by a single gene, based on a Southern analysis of Chlamydomonas genomic DNA (data not shown) as well as an examination of the complete sequence of the nuclear genome (http://genome.jgi-psf.org/chlre2/chlre2.home.html). The gene contains six exons separated by five introns. Hybridization of the cDNA to a Chlamydomonas BAC library (24) identified nine BAC clones representing a single contig mapping near the molecular marker CNC53 on linkage group XII/ XIII between LF2 and ODA6. Given GSK3's essential housekeeping function in other systems and the fact that GSK3 is a single-copy gene in Chlamydomonas, mutations abolishing its kinase activity would most likely be lethal. It is not surprising, therefore, that we were unable to identify a GSK3 knockout from several insertional mutant collections (data not shown).
Searches of public databases revealed that the GSK3 genes from plants are the closest homologues for Chlamydomonas GSK3. Chlamydomonas GSK3 is 71 and 74% identical (262 of 370 and 262 of 356 amino acids) and 83 and 86% conserved (306 of 370 and 306 of 356 amino acids), respectively, to GSK3 from Physcomitrella patens and Petunia hybrida. GSK3 is one of the most highly conserved of protein kinases, as evidenced by the alignment of GSK3 from Chlamydomonas and a variety of other organisms (Fig. 5) . Like all other kinases, GSK3 contains the 11 conserved subdomains that are essential for kinase activity (18) . GSK3 from Chlamydomonas also has an invariant lysine residue at amino acid 88 within subdomain II that is required for ATP binding. These observations suggest that GSK3 from Chlamydomonas is a functioning kinase.
In higher eukaryotes, the kinase activity of GSK3 is regulated by two different phosphorylation events. The phosphorylation of a tyrosine residue located in the activation loop is required for kinase activity (9, 20) . This tyrosine residue is present in GSK3 from Chlamydomonas (Fig. 5) . The kinase activity of tyrosine-phosphorylated GSK3 can be inhibited by the phosphorylation of an N-terminal serine residue, which then acts as a pseudosubstrate (13, 15) . Unlike GSK3 from mammals, this serine residue is not conserved in Chlamydomonas GSK3 or in higher plants. These observations suggest that the regulation of the kinase activity of GSK3 from plants and Chlamydomonas is fundamentally different from that described for mammalian GSK3.
GSK3 is a flagellar protein. Analysis of the RNA transcript for GSK3 and localization of the protein suggest that GSK3 is a flagellar protein. The cDNA hybridized to a 2.1-kb transcript (Fig. 6A) , consistent with the size of the full-length cDNA. This transcript was upregulated in cells regenerating flagella, as has been seen for many flagellar proteins (28) , suggesting that GSK3 is a flagellar protein. The suggestion that GSK3 localizes to the flagella was confirmed by immunoblot analysis. The highly conserved nature of the GSK3 amino acid sequence (Fig. 5 ) allowed us to use commercially available antibodies generated against full-length recombinant GSK3␤ from Xenopus. To identify active GSK3, we employed an antibody generated against a tyrosine-phosphorylated peptide derived from the activation lip and therefore providing a marker for active GSK3 (17) . The anti-Xenopus GSK3 antibody identified a 48-kDa protein in wild-type cells (Fig. 6B) . A protein of the same size was identified with the phosphorylation-specific anti-GSK3 antibody (Fig. 6B) . Analysis of equal amounts of protein from whole cells, cell bodies, and isolated flagella revealed that the majority of GSK3, both total and tyrosine phosphorylated, is present in the cell body. The active form of GSK3, however, was highly enriched in the flagella.
Treatment with 1% NP-40 fractionates flagella into a soluble membraneϩmatrix fraction and insoluble axonemes. An immunoblot analysis of NP-40 supernatants and pellets revealed that 50% of GSK3 was present in the membrane-matrix fraction of flagella (Fig. 6C ). An identical pattern of solubilization was seen for the tyrosine-phosphorylated form of GSK3 (data not shown). Upon addition of NP-40, 50% of tyrosine-phosphorylated GSK3 was present in the membrane-matrix fraction and 50% remained associated with the axoneme. This result suggests that the tyrosine phosphorylation of GSK3 is not responsible for its association with the axoneme. Interestingly, the addition of 1% NP-40 to the flagella resulted in a reproducible shift in mobility upon SDS-PAGE analysis, suggesting a detergent-induced modification of GSK3 (Fig. 6C) . The inclusion of phosphatase inhibitors during the NP-40 extraction resulted in 100% of GSK3 remaining associated with the axoneme (Fig. 6C) . Under these conditions, GSK3 frequently migrated as a doublet on SDS-PAGE. This doublet comigrated with the two forms of GSK3 seen before and after NP-40 extraction in the absence of phosphatase inhibitors. Taken together, these observations suggest that the flagellar form of GSK3 is active and that GSK3 associates with the axoneme in a phosphorylation-dependent manner that is independent of tyrosine phosphorylation.
GSK3 kinase activity is inhibited by lithium. To confirm that Chlamydomonas GSK3 activity is sensitive to inhibition with lithium, we used an in vitro kinase assay (41) . Although there are many kinases present in the membraneϩmatrix fraction of flagella in Chlamydomonas, lithium had no effect on their ability to phosphorylate a phosphopeptide substrate (Fig.  7A) . We looked at the lithium sensitivity of flagellar GSK3 FIG. 5. Alignment of GSK3 from Chlamydomonas with various GSK3 amino acid sequences. Cr, C. reinhardtii GSK3 (accession no. AY621077); Pp, Physcomitrella patens shaggy-related protein kinase 2 (accession no. AAQ23107.1); Os, Oryza sativa, shaggy-related protein kinase ␥ (accession no. BAB40983.1); Ph, petunia hybrid shaggy kinase 4 (accession no. S5115); Ms, Medicago sativa MSK2 (accession no. P51138); At, Arabidopsis thaliana shaggy-related protein kinase ␥ (accession no. NP_187235.1); Hs, Homo sapiens GSK3␤ (accession no. P49841); Ce, C. elegans (accession no. AD45354); Dm, Drosophila melanogaster sgg protein kinase (accession no. CAA37419.1); Dd, Dictyostelium discoideum (accession no. P51136); and Ci, Ciona intestinalis (accession no. BAA92186). Roman numerals indicate the 11 kinase subdomains. The regulatory tyrosine that must be phosphorylated for GSK3 activity is identified with an asterisk.
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on September 26, 2017 by guest http://ec.asm.org/ directly by purifying the enzyme by immunoprecipitation from the membraneϩmatrix fraction of flagella that contained approximately 50% of the total GSK3 in the flagella. The kinase activity of flagellar GSK3 was significantly inhibited by the inclusion of lithium in the kinase reaction (Fig. 7B) . Lithium routinely caused a fourfold reduction in the phosphorylation of the phosphopeptide substrate by GSK3. These results demonstrate that lithium does not broadly inhibit the activity of kinases present in the membrane-matrix fraction of flagella. In fact, lithium had no detectable effect on kinase activity until GSK3 was purified from this fraction. The kinase activity of GSK3, however, was specifically inhibited by lithium. Fla10p and tyrosine-phosphorylated GSK3 accumulate in the flagella of lithium-treated cells. Marshall and Rosenbaum (34) proposed that flagellar length is determined by regulating the ratio of assembly and disassembly of axonemal microtubules by the action of a discrete amount of IFT particles. Tam et al. (59) and Perrone et al. (43) showed an accumulation of IFT components in the flagella of mutants that have abnormally long flagella. We examined the flagella from lithiumtreated cells to determine if flagellar growth was associated with an increased recruitment of IFT particles into the flagellum. Flagella from lithium-treated cells had a threefold increase in the amount of Fla10p (the 90-kDa motor subunit of the kinesin II responsible for anterograde IFT motility) relative to control cells (Fig. 8A) . Although lithium treatment increased the amount of Fla10p in the flagella, another IFT particle component, IFT172, accumulated to a lesser degree (Fig. 8A) . Structural proteins of the axoneme did not accumulate in the flagella of lithium-treated cells (Fig. 8A, lanes MBO2p, IC140, and ␤-tubulin). The total amount of GSK3 in flagella did not change appreciably following lithium treatment (Fig. 8A) . Interestingly, lithium treatment increased the amount of tyrosine-phosphorylated GSK3 in flagella twofold compared to control levels (Fig. 8A) . Lithium inhibits GSK3 kinase activity in vivo by acting as a noncompetitive inhibitor for magnesium. Thus, lithium should not necessarily decrease the level of tyrosine phosphorylation of GSK3. Lithium-treated cells may recognize the reduced level of GSK3 activity in flagella and respond either by activating a tyrosine protein kinase or by inactivating a tyrosine protein phosphatase.
The ability of lithium to inhibit the kinase activity of GSK3 and induce flagellar elongation suggests that perhaps GSK3 To test this possibility, we examined levels of active GSK3 in cells with flagella of different lengths isolated at different times during the regrowth of flagella after amputation. Cells were deflagellated by pH shock and allowed to regenerate flagella for 120 min. During this time, the total amount of GSK3 did not change (Fig. 8B) . During flagellar regeneration, tyrosine-phosphorylated GSK3 levels initially increased. This increase in tyrosine-phosphorylated GSK3 was statistically significant (P Ͻ 0.0006) and reproducibly peaked at 5 min of regeneration ( Fig. 8B and C) . The level of tyrosine-phosphorylated GSK3 then began to decrease within the next 5 min. The decrease in tyrosine-phosphorylated GSK3 peaked within 30 min of regeneration, when flagella had regrown to half of their predeflagellation length (Fig. 8B) . The ratio of tyrosine-phosphorylated GSK3 to total GSK3 during flagellar regeneration confirms that tyrosinephosphorylated GSK3 increases early during regeneration (Fig. 8C) . As flagella reached their full lengths, the levels of tyrosine-phosphorylated GSK3 decreased, suggesting that GSK3 kinase activity correlates with flagellar length. The change in levels of tyrosine-phosphorylated GSK3 suggests that regulation of GSK3 kinase activity is required for flagellar assembly. GSK3 regulates flagellar assembly and maintenance. RNAi knockdown experiments were used to confirm that the lithiuminduced changes in flagellar phenotypes were due to the inhibition of GSK3. A plasmid containing the inducible NIT1 promoter, a fragment of the GSK3 gene, and a GSK3 cDNA fragment in the 3Ј to 5Ј orientation relative to the genomic fragment was transformed into wild-type cells (Fig. 9A) . Transformants containing the RNAi plasmid were identified by PCR. The protein levels of GSK3 were reduced to various amounts under inducing conditions (the presence of nitrate). In a few transformants, such as 1H11, there was no appreciable change in GSK3 protein levels and no effect on flagellar phenotypes in the presence of nitrate (Fig. 9B, inducing conditions) . Twelve percent of 1H11 cells have no flagella under inducing conditions, compared to 10% of aflagellate cells without induction (Fig. 9C) . In addition, the average length of flagella upon induction is 13 m, compared to 14 m under noninducing conditions (Fig. 9C) . The majority of transformants, however, had clear decreases in GSK3 protein levels upon induction of expression of the RNAi plasmid. In some transformants, such as 1B1, the NIT1 promoter was leaky, as evidenced by the threefold decrease in GSK3 protein levels under noninducing conditions (the presence of ammonia) compared to control levels (Fig. 9B , compare lanes "Ϫ" for 1B1 and 1H11). Under inducing conditions (the presence of nitrate), the RNAi plasmid reduced expression of GSK3 by 20 to 35% in the majority of transformants (data not shown). In the transformant 1B1, the GSK3 protein level was reduced to 40% of the noninduced levels (Fig. 9B) . This relatively small decrease in GSK3, however, was sufficient to induce a change in flagellar phenotype. Although 1B1 transformants had an Fig. 9D and F) . Under inducing conditions (nitrate), a few cells (13%) within a population of 1B1 transformants had flagella of wild-type lengths (Fig. 9E, panel a) . The majority of cells, however, were aflagellate (Fig. 9E, panels b to g ), reminiscent of long-term incubations with lithium (Fig. 2) . The aflagellate phenotype was only observed under inducing conditions, indicating that a secondary mutation caused by the transformation with the transgene was not responsible for the RNAi phenotype. With increasing lengths of time of RNAi induction, increasing numbers of dead cells were apparent in the cultures (Fig. 9E, panel  h ). In addition, prolonged induction (i.e., longer than 4 days) also increased the numbers of flagellated cells present in the culture. The most likely explanation for these results is that even small decreases in GSK3 levels (60 to 80% of wild-type levels) was lethal, resulting either in cell death or cell survival by silencing of the GSK3 RNAi transgene.
DISCUSSION
Lithium effects on flagellar length and regeneration. Wildtype cells maintain flagella at a median length of 10 to 13 m. Cells incubated with lithium elongated their flagella to a median length of 15 to 18 m. Individual cells with flagellar lengths up to 22 m, almost twice the normal length, were detected after lithium treatment. The increase in flagellar length was maintained for up to 12 h in lithium. Lithium is the only drug identified to date that induces substantial elongation of flagella. Prolonged treatment of cells with lithium resulted in a change in phenotype from long flagella to cells with no flagella. This aflagellate phenotype was maintained for up to 72 h in lithium. In addition to effects on flagellar length, lithium also affected the regeneration of flagella. Cells treated with lithium prior to deflagellation regenerated flagella of only one-half of their predeflagellation length. The similarity of flagellar regeneration following lithium treatment to regeneration of flagella in cycloheximide led to the proposal that lithium inhibited protein synthesis (38) . The pretreatment of cells with cycloheximide prior to lithium treatment, however, resulted in a complete inhibition of flagellar regeneration. This observation suggests that lithium does not prevent regeneration by inhibiting protein synthesis.
Lithium treatment for 60 min had no effect on the ability of cells to upregulate flagellar gene transcript levels following deflagellation. An increase in the rate of transcription as well as an increase in message stability has been shown to be responsible for the accumulation of mRNAs for flagellar genes following deflagellation (reviewed in reference 32). Surprisingly, the incubation of cells with lithium led to the almost complete loss of basal mRNA levels for flagellar genes. A similar loss of mRNAs for flagellar genes was observed following treatment of cells with amiprophosmethyl, 3-isobutyl-1-methylxanthine, or pyrophosphate (32) . Treatment of cells with these chemicals, however, results in flagellar resorption, effectively increasing the cytoplasmic pool of flagellar proteins. This increase in the cytoplasmic pool is thought to destabilize flagellar transcripts, thus decreasing flagellar mRNA levels (32) . While a similar loss of basal mRNAs for flagellar genes 
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WILSON AND LEFEBVRE EUKARYOT. CELL was seen following lithium treatment, during the time that flagellar transcripts are lost there was no resorption of flagella. Instead, the flagella elongated. It is possible that lithium exerts its effects on basal mRNAs for flagellar genes by decreasing transcription or message stability. In either case, in the absence of mRNAs for flagellar genes, it is unlikely that new protein synthesis is contributing to the growth of flagella induced by lithium. Consistent with this model, flagellar elongation did not require new protein synthesis; flagella elongated to comparable lengths in the presence or absence of cycloheximide. Interestingly, the lithium-induced increase in flagellar length is equivalent to 50% of the original length, which is the size of the pool of flagellar precursors in the cell body (52). Nakamura et al. (38) proposed that flagellar elongation induced by lithium occurred by recruiting flagellar proteins from the cell body pool out into the flagella, resulting in flagellar growth. An immunoblot analysis of cell bodies isolated from lithiumtreated cells revealed a significant, but not complete, depletion of flagellar proteins from the cell body pool. These results suggest that a lithium-sensitive component regulates the partitioning of flagellar proteins between the flagella and cell body, thereby regulating flagellar length.
Lithium inhibits GSK3 kinase activity. Lithium inhibits many signaling molecules, including GSK3 (26) . GSK3 is a serine/threonine protein kinase that has been evolutionarily conserved. In mammals, the kinase activity of GSK3 is both stimulated and inhibited by the phosphorylation of different amino acid residues. GSK3 requires phosphorylation of a tyrosine residue within the activation loop between subdomains VII and VIII for kinase activity. This tyrosine residue is analogous to the tyrosine of the TEY sequence in the activation loop of MAP kinase (20, 21) . Numerous studies have shown that phosphorylation and dephosphorylation of tyrosine occur concomitant with increases and decreases in GSK3 kinase activity, respectively (25, 37) .
GSK3 has an unique substrate specificity in that it requires some substrates, such as glycogen synthase, to have a priming phosphorylation of a serine or threonine four residues C terminal to the site of phosphorylation by GSK3 (14) . The substrates axin and ␤-catenin, on the other hand, do not require this priming phosphorylation (21, 47) . Lithium inhibits the kinase activity of GSK3 directly by acting as a noncompetitive inhibitor of magnesium binding. Consistent with this mechanism of inhibition by lithium, the kinase activity of GSK3 immunoprecipitated from flagella was significantly inhibited by lithium in an in vitro kinase assay.
Lithium also inhibits GSK3 indirectly by activating kinases, such as protein kinase B (12) , that phosphorylate a serine residue at position 9 of GSK3, inhibiting the kinase activity of tyrosine-phosphorylated GSK3. Once phosphorylated, the serine residue acts as a pseudosubstrate for primed substrates, occluding their binding site (13, 15) . Phosphorylation of S9 therefore inhibits only the activity toward primed substrates. S9 phosphorylation, however, probably does not represent a universal mode of regulation of GSK3. In fact, mammals and Drosophila appear to be the only species that utilize this form of regulation for GSK3. An examination of the GSK3 sequence suggests that the inhibitory phosphorylation site at S9 is not conserved. This regulatory serine residue is missing in GSK3 from a wide variety of organisms, including Toxoplasma gondii, Saccharomyces cerevisiae, Chlamydomonas reinhardtii, Ciona intestinalis, Dictyostelium, Caenorhabditis elegans, and plants. In these organisms, it seems likely that regulation of GSK3 will occur through the phosphorylation and dephosphorylation of the tyrosine residue. Studies of Chlamydomonas GSK3 should allow dissection of the tyrosine kinase signaling pathways that regulate GSK3.
GSK3 regulates the assembly and maintenance of flagella. Using the NIT1 inducible promoter, we expressed an RNAi construct for GSK3 in wild-type cells. The expression of NIT1-regulated transcripts is repressed by ammonium and enhanced by nitrate. Consistent with the aflagellate phenotype of lithium-treated cells, those cells transformed with an inducible RNAi construct for GSK3 also had no flagella. When the expression of GSK3 RNAi was repressed (by the inclusion of ammonium in the culture medium), cells swam normally and had flagella of wild-type lengths. Our results demonstrate the usefulness of the NIT1 promoter for the controlled expression of RNAi constructs to downregulate the expression of essential genes.
The aflagellate phenotype of cells following prolonged treatment with lithium or by induction of GSK3 RNAi may suggest a cell cycle-dependent effect of GSK3 on flagellar assembly. During the cell cycle, cells must resorb their flagella, remodel existing cellular microtubules to undergo mitosis and cytokinesis, and, finally, reassemble their flagella. mRNAs encoding tubulin were shown to accumulate prior to or during cell division (3). It is possible that the inhibition of GSK3 activity, either by treatment with lithium or by knockdown of protein levels by RNAi, affects the upregulation of tubulin expression during cell division. The signal transduction pathway responsible for the upregulation of tubulin mRNAs during the cell cycle is unknown; however, it is likely different from the signaling pathway that regulates the upregulation of flagellar genes during the flagellar regeneration following amputation. Support for this possibility comes from the isolation of mutants that are defective in the regeneration of flagella following amputation yet assemble flagella during the cell cycle (30) . Whether the cell cycle-specific upregulation of tubulin is required for assembly of the mitotic spindle or the assembly of flagella following completion of cell division is unknown. A defect in either the completion of mitosis or the flagellar assembly following cell division, however, could account for the aflagellate phenotype seen with extended treatment with lithium as well as the RNAi-induced knockdown of GSK3.
The observation that lithium induces flagellar elongation suggests that GSK3 functions to limit flagellar growth. If so, then the kinase activity of GSK3 might be expected to change during flagellar regeneration. Our regeneration data partially fits this model. In whole cell extracts, the levels of tyrosinephosphorylated, active GSK3 decreased below basal levels within 30 min of flagellar regeneration. At 120 min, when flagella were full length, the levels of active GSK3 began to increase although they were not yet back to the basal level. Surprisingly, the levels of active GSK3 increased early during flagellar regeneration (5 min). This increase in active GSK3 occurred during the lag period between flagellar amputation and regrowth of flagella (52) , perhaps reflecting a second, as-yet-unknown function of GSK3 during flagellar regeneration.
Interestingly, the level of GSK3 in RNAi transformants was decreased to only 20 to 40% of that of the uninduced controls, suggesting that flagellar assembly and maintenance require a very narrow window of GSK3 activity levels. Consistent with this possibility, flagella from lithium-treated cells had significant increases in the levels of tyrosine-phosphorylated GSK3. One model for the role of GSK3 in regulating flagellar assembly involves the tight regulation of GSK3 activity. First, flagellar growth, either during regeneration or lithium-induced elongation, is accompanied by decreased levels of active GSK3. Second, when flagella are full length, a narrow window of active GSK3 may be required to maintain a static flagellar length. It is likely that the cell monitors the level of active GSK3, maintaining it within a narrow range of activity. If active GSK3 levels fall below the threshold, the cell activates a tyrosine kinase that phosphorylates GSK3, increasing the levels of active GSK3. These trends are consistent with the observation that lithium-treated cells overcompensate for the decrease in active GSK3 by stimulating the tyrosine phosphorylation of GSK3.
The enrichment of the tyrosine-phosphorylated, active form of GSK3 in the flagella suggests that a major site of action for GSK3 is in the flagella (Fig. 7 ). GSK3 associates with the axoneme in a phosphorylation-dependent manner. In addition, the rigid paralysis of flagella seen with lithium treatment suggests that GSK3 could function in flagella to regulate flagellar motility. Consistent with this model, a preliminary analysis of the phosphorylation pattern of flagellar proteins revealed a limited number of proteins whose phosphorylation state changed following lithium treatment (data not shown).
It is likely that GSK3 also functions in the cell body to regulate flagellar assembly and length. GSK3 in the cell body could regulate signaling pathways involved in the regulation of the levels of tubulin and/or other flagellar gene products during cell division or the cell cycle. In addition, GSK3 could regulate flagellar assembly and length through the regulation of IFT. IFT has been shown to be required for the assembly and maintenance of cilia and flagella (10, 51) . In addition, flagellar proteins have been shown to be transported in and out of the flagella by IFT particles (48) . IFT particles accumulate in flagellar swellings (i.e., bulges along the length or bulbs at the tips of the flagella) in mutants defective in length control (Ulf and Lf mutants) or flagellar assembly (42, 43, 46, 59) . A microscopic examination of lithium-treated cells revealed small bulbs at the flagellar tips. An immunoblot analysis of flagella from lithium-treated cells revealed an increase in Fla10p, the anterograde motor for IFT particles. Interestingly, IFT172, a member of complex B, did not increase to the same extent as Fla10p in lithium-treated flagella. This discrepancy between Fla10p and IFT172 levels in lithium-treated flagella could reflect an increased recruitment of Fla10p into the flagella to restore IFT172 levels. This observation suggests a model where GSK3 could directly or indirectly regulate the interaction of Fla10p with its cargo, including IFT172. Precedent for a role for GSK3 in regulating cargo-motor interactions comes from neurons in which GSK3 phosphorylation of kinesin light chains results in the release of kinesin from its cargo (36) .
